Lung tissue remodeling in chronic obstructive pulmonary disease (COPD) is characterized by airway wall thickening and/or emphysema. Although the bronchial and alveolar compartments are functionally independent entities, we recently showed comparable alterations in matrix composition comprised of decreased elastin content and increased collagen and hyaluronan contents of alveolar and small airway walls. Out of several animal models tested, surfactant protein C (SPC)-TNF-a mice showed remodeling in alveolar and airway walls similar to what we observed in patients with COPD. Epithelial cells are able to undergo a phenotypic shift, gaining mesenchymal properties, a process in which c-Jun N-terminal kinase (JNK) signaling is involved. Therefore, we hypothesized that TNF-a induces JNK-dependent epithelial plasticity, which contributes to lung matrix remodeling. To this end, the ability of TNF-a to induce a phenotypic shift was assessed in A549, BEAS2B, and primary bronchial epithelial cells, and phenotypic markers were studied in SPC-TNF-a mice. Phenotypic markers of mesenchymal cells were elevated both in vitro and in vivo, as shown by the expression of vimentin, plasminogen activator inhibitor-1, collagen, and matrix metalloproteinases. Concurrently, the expression of the epithelial markers, E-cadherin and keratin 7 and 18, was attenuated. A pharmacological inhibitor of JNK attenuated this phenotypic shift in vitro, demonstrating involvement of JNK signaling in this process. Interestingly, activation of JNK signaling was also clearly present in lungs of SPC-TNF-a mice and patients with COPD. Together, these data show a role for TNF-a in the induction of a phenotypic shift in vitro, resulting in increased collagen production and the expression of elastin-degrading matrix metalloproteinases, and provide evidence for involvement of the TNF-a-JNK axis in extracellular matrix remodeling.
Clinical Relevance
The findings described in this study show a role for TNF-a in the induction of a phenotypic shift in epithelial cells in vitro, and provide evidence for involvement of the TNFa-JNK axis in extracellular matrix remodeling as observed in patients with chronic obstructive pulmonary disease.
Airflow limitation in patients with chronic obstructive pulmonary disease (COPD) is associated with remodeling of the lung. The greatest decline in forced expiratory volume in 1 second, as seen in mild to moderate COPD, is attributed largely to alterations in the small airways, including airway wall thickening. The contribution of emphysema to airflow obstruction increases as the disease progresses (1, 2) .
Although the bronchial and alveolar compartments may be considered functionally independent entities that are affected sequentially in the progression of the disease, we recently showed that the matrix of small airway walls and alveolar walls from patients with COPD displays very similar features of remodeling (3) . Moreover, in patients with mild to moderate disease, the composition of the extracellular matrix of both compartments was affected in a similar way as observed in patients with very severe disease. In particular, it was demonstrated that the elastin content of alveolar and small airway walls was decreased, whereas an increased collagen and hyaluronan content was found in both compartments. Strong correlations between the matrix alterations in alveolar and small airway walls were present, suggesting that the alveolar and small airway walls remodel as one unit, and that similar underlying mechanisms are possibly involved.
Different experimental mouse models of COPD, using several etiological factors, are employed to study disease pathology in general and remodeling specifically. Recently, we characterized extracellular matrix components in different murine models of COPD: mice chronically exposed to cigarette smoke; mice chronically exposed to LPS; and surfactant protein C (SPC)-TNF-a mice, which overexpress TNF-a in alveolar type II cells. Our data showed an increased collagen and hyaluronan content in both alveolar and small airway walls, which was similar in all three models. Interestingly, elastin was only decreased in both compartments in the SPC-TNF-a mice. These data indicate that matrix remodeling in SPC-TNF-a mice is most comparable to the remodeling observed in patients with COPD, when compared with the chronic smoke and chronic LPS models. Furthermore, evidence was shown for increased expression of the elastin-degrading enzymes, matrix metalloproteinase (MMP) 2 and MMP9 (4) .
Epithelial cells have an important role in orchestrating the response to inhaled toxins and pathogens. Interestingly, it was shown, using an epithelial-specific collagen-1 knockout mouse in the bleomycin model of pulmonary fibrosis, that the epithelium plays an important role in collagen deposition (5). One possible mechanism by which epithelial cells could contribute to enhanced matrix deposition and breakdown of elastin by MMPs is through a phenotypic shift, whereby they lose epithelial properties and gain characteristics and functions of mesenchymal cells, including production of MMPs and of extracellular matrix components (6) . To study this process, which is also referred to as epithelial-to-mesenchymal transition (EMT), in vitro stimulation of cultured epithelial cells with transforming growth factor (TGF)-b1 is commonly used. We have shown a role for c-Jun N-terminal kinase (JNK) 1 in TGF-b1-induced EMT in lung epithelial cells, as the induction of this phenotypic shift was blunted in JNK1 knockout cells (7) . Furthermore, our group recently demonstrated that cigarette smoke extract also has the ability to induce such a phenotypic shift, in which hypoxia inducible factor (HIF1a) signaling was implicated (8) .
TNF-a is known to be involved in extracellular matrix remodeling, and has been shown to suppress elastin precursor levels in lung fibroblast, and to promote elastin breakdown through enhanced release of elastolytic enzymes, including MMP2 and MMP9. A role for TNF-a in tissue remodeling is further evident from a study that demonstrated that TNF-a receptor knockout mice were protected from cigarette smoke-induced connective tissue breakdown (9, 10) . In addition, it was recently shown that, in alveolar epithelial cells, TNF-a can induce JNK signaling (11) and that JNK is involved in TNFa-induced MMP12 expression (12) .
Based on the above, we hypothesized that TNF-a induces JNK-dependent epithelial plasticity, which contributes to matrix remodeling. To this end, changes in the expression of epithelial and mesenchymal markers were investigated in SPC-TNF-a mice in vivo and in TNF-a-stimulated alveolar and bronchial epithelial cell (BEC) lines and human primary BECs (pBECs) in vitro. Furthermore, the role of JNK was studied in vitro, and the presence and localization of phosphorylated JNK was studied in SPC-TNF-a mice and patients with COPD.
Materials and Methods
Cell Culture A549 and BEAS2B cell lines (ATCC, Manassas, VA) were cultured as described previously (13, 14) . At confluency, cells were starved and stimulated twice with 10 ng/ml TNF-a with a 24-hour interval (R&D, Minneapolis, MN). For JNK inhibition, cells were preincubated for 30 minutes with 10 mM SP600125 (Sigma, St. Louis, MO).
pBECs were kindly provided by the Primary Lung Culture (PLUC) facility of the Maastricht University Medical Center (Maastricht, the Netherlands). Isolation procedures and culture conditions can be found in the online supplement.
Quantitative PCR
RNA was isolated from cells using the High Pure RNA Isolation Kit (Roche, Indianapolis, IN) or mouse whole-lung tissue using the RNeasy kit (Qiagen, Alameda, CA) and reverse transcribed using Transcriptor First Strand cDNA Synthesis Kit (Roche). PCR reactions were performed on an ABI 7900HT thermal cycler (Applied Biosystems, Foster City, CA) using SYBR green dye (Applied Biosystems) and primer sequences listed in the supplemental Materials and Methods. Relative mRNA expression of genes was corrected for Rpl13a, which was found to be the most stable housekeeper using geNorm (15) .
Western Blotting
Protein lysates and whole-lung lysates, obtained using RIPA buffer and treatment with ultrasonic waves, were separated (20 mg) on 12% Criterion XT Bis-Tris gels (Bio-Rad, Hercules, CA) and transferred onto a nitrocellulose membrane (Protran, Kent, UK). Blocking in 5% milk was followed by incubation with primary monoclonal antibodies raised against E-cadherin (no. 3195, 1:2,000 dilution), vimentin (no. 5741, 1:5,000 dilution), or glyceraldehyde phosphate dehydrogenase (no. 2118, 1:10,000 dilution) (all from Cell Signaling, Danvers, MA) and peroxidase-conjugated secondary antibody (Vector, Burlingame, CA), which was detected with SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher, Waltham, MA) in an LAS-3000 Luminescent Image analyzer (Fujifilm, Tokyo, Japan). All data were corrected for protein loading by glyceraldehyde phosphate dehydrogenase.
Luciferase Reporter Assay
Transient transfections were performed using X-tremeGENE HP (Roche) according to the manufacturer's instructions, with 0.875 mg hypoxia-responsive element (16) promotor luciferase and 0.125 mg simian vacuolating-b-galactosidase plasmids to correct for transfection efficiency. Luciferase (Promega, Madison, WI) and b-galactosidase (Tropix, Applied Biosystems, Foster City, CA) activities were measured according to the manufacturers' instructions.
Collagen Assay
Collagen content of cell-free medium was determined by the addition of Sirius Red staining reagent (Klinipath, Duiven, the Netherlands) in saturated picric acid (Klinipath). The precipitate was dissolved in 0.5 M NaOH. Extinction was measured at 540 nm and concentrations were calculated using a standard curve.
SPC-TNF-a Mice
The left lung of SP-C-TNF-a mice (17) was fixed by tracheal infusion of 4% paraformaldehyde under a constant pressure of 20 cm H 2 O above the highest point of the lung according to American Thoracic Society/European Respiratory Society guidelines. The lung lobes were embedded in paraffin and cut into 4-mm transverse sections, which were randomly selected. Housing conditions are described in the online supplement.
Phosphorylated c-Jun N-terminal Kinase Staining
Phosphorylated c-Jun N-terminal Kinase (pJNK) was detected using antibodies against rabbit pJNK (Invitrogen, Carlsbad, CA). pJNK staining was analyzed in a double-blinded fashion by a researcher and a pathologist. The detailed procedure is described in the online supplement.
Statistical Analyses
In a case of more than two groups, betweengroup comparisons were analyzed using the Kruskal-Wallis test. The differences between two groups were analyzed using the Mann-Whitney U test (SPSS20; IBM Corporation, Armonk, NY). Data were expressed as mean (6SD or SEM). A P value less than 0.05 was considered statistically significant.
Results

Increased Expression of Mesenchymal Markers and Attenuated Expression of Epithelial Markers in SPC-TNF-a Mice
Previous research showed matrix remodeling in alveolar and airway walls of SPC-TNF-a mice. Here, we investigated whether increased mesenchymal marker expression was associated with alterations in matrix composition, and if there was also a concurrent decrease of epithelial marker expression. In Figure 1 , it is demonstrated that the mRNA levels of the mesenchymal markers, plasminogen activator inhibitor (PAI-1), fibroblast specific protein (FSP1), and collagen III ( Figure 1A -1C), were increased in mice with the TNF-a transgene compared with littermate controls. In addition, the mRNA levels of the epithelial markers, E-cadherin and keratin 7, were decreased in these mice ( Figure 1D and 1E). To confirm these results at the protein level, Western blots were performed on whole-cell lysates of lung tissue. As shown in Figures 1F and 1G , protein levels of the mesenchymal marker, vimentin, were increased, whereas levels of the epithelial protein E-cadherin were significantly decreased in SPC-TNF-a mice.
TNF-a Induced a Phenotypic Shift in A549 and BEAS2B Cells
Because whole-lung lysates of SPC-TNF-a mice were analyzed, it cannot be concluded that the increased mesenchymal marker expression occurred in epithelial cells, but the concurrent loss of epithelial marker expression suggests that the epithelial cell phenotype was altered. To determine if lung epithelial cells undergo a phenotypic shift under the influence of TNF-a, A549 and BEAS2B cells were stimulated with TNF-a for 48 hours and mesenchymal markers were analyzed at the mRNA level by quantitative PCR and at the protein level by Western blotting. Significantly increased levels of PAI-1 ( Figure 2A ) and vimentin ( Figure 2B ) mRNA and protein ( Figure 2C ) were observed after TNF-a stimulation in both A549 and BEAS2B cells.
In addition to the increased expression of mesenchymal markers, the effect of TNF-a stimulation in vitro on epithelial markers was studied. Results shown in Figure 3 demonstrate that mRNA levels of keratin 18 ( Figure 3A ) and E-cadherin ( Figure 3B ) were decreased in both A549 and BEAS2B cells after stimulation with TNF-a. Furthermore, protein levels of E-cadherin were also significantly decreased in both cell lines after 48 hours of stimulation with TNF-a ( Figure 3C ).
We previously found evidence of increased MMP2 and MMP9 expression and collagen content in SPC-TNF-a mice. To investigate whether the changes in mesenchymal and epithelial marker expression after TNF-a stimulation in vitro resulted in enhanced expression of MMPs and collagen production, mRNA levels of MMPs and collagen content in the medium were measured. As shown in Figure E1 in the online supplement, mRNA expression of MMP2 and MMP9 was markedly increased after TNF-a stimulation ( Figures E1A and E1B ). In addition, collagen levels in the medium measured using the sircoll assay were also increased due to TNF-a stimulation ( Figure  E1C ). These data indicate that TNF-a induces functional changes in A549 and BEAS2B cells that may be related to the matrix alterations observed in the transgenic mice.
Hypoxia Signaling Was Not Involved in the TNF-a-Induced Phenotypic Shift
Our previous investigation showed that a similar transition of alveolar cells and BECs toward a mesenchymal phenotype was induced by cigarette smoke extract, and that this was HIF1a dependent. Therefore, we examined whether the phenotypic shift induced by TNF-a was also dependent on HIF1 signaling. However, TNF-a stimulation was found not to induce hypoxia-responsive element luciferase activity after 24 hours of stimulation, as shown in Figure E2A , or after 4, 8, and 48 hours (data not shown). In addition, HIF1a and carbonic anhydrase 9 mRNA levels were not affected by TNF-a stimulation for 48 hours (Figures E2B and E2C). To fully exclude a role for HIF1a signaling in the phenotypic shift induced by TNF-a, this shift was examined in A549 and BEAS2B cells in which HIF1a was stably down-regulated using short hairpin RNA, which resulted in a knockdown of 85% of HIF1a mRNA expression (data not shown). In agreement with the lack of effect of TNF-a on HIF1a signaling, neither the induction of mesenchymal gene expression nor the attenuation of epithelial gene expression by TNF-a was affected by the knockdown of HIF1a (data not shown). These data indicate that hypoxia-induced signaling may not have a role in the TNF-a-induced phenotypic shift observed in this study.
JNK Inhibition Prevented the Phenotypic Shift in Response to TNF-a
Evidence is provided for the role of JNK in TGF-b1-induced EMT in lung epithelial cells. To examine whether JNK signaling is also involved in the TNF-a-induced expression changes in epithelial and mesenchymal markers, A549 and BEAS2B cells were preincubated with the JNK inhibitor, SP00125, for 30 minutes before each TNF-a stimulation. Testing the specificity of SP600125 in in vitro assays with some 16 other purified protein kinases showed 300-fold selectivity of inhibition of the extracellular signal-regulated kinases and p38 mitogen-activated protein kinases (the closest kinase relatives of the JNKs) (18) . JNK inhibition did not affect basal expression of the markers investigated (data not shown). Interestingly, inhibition of JNK completely prevented the decrease in mRNA expression of E-cadherin and keratin 18, and the decrease in E-cadherin protein expression as observed after TNF-a stimulation ( Figures 4A, 4B, and 4E) . Furthermore, JNK inhibition significantly attenuated the induction of the mesenchymal markers, PAI-1 and vimentin, observed after TNF-a stimulation at the mRNA level ( Figures 4C   and 4D ) and vimentin at the protein level ( Figure 4F ). In addition, these data were confirmed in pBECs, as TNF-a-attenuated the mRNA expression of the epithelial markers, E-cadherin and keratin 18, and increased mRNA expression of the mesenchymal marker, vimentin. Inhibition of JNK signaling was also able to prevent the induction of mesenchymal gene expression after TNF-a stimulation (Figures 4G and 4H ).
Next, it was examined whether the prevention of the phenotypic shift by inhibition of JNK also limited the functional changes observed after TNF-a stimulation. As shown in Figure 5A , collagen production was significantly increased by TNF-a stimulation. However, in cells in which JNK signaling was inhibited, TNF-a-induced collagen production was almost completely blunted in both cell lines. In addition, the increased expression of MMP2 and MMP9 after TNF-a stimulation in both A549 and BEAS2B cells was attenuated by blocking JNK signaling ( Figures 5B and 5C ). Again, there were no basal effects of JNK inhibition (data not shown). These data indicate the involvement of JNK signaling in the functional transition of epithelial cells toward a mesenchymal phenotype induced by TNF-a.
pJNK Was Increased in the Lung of SPC-TNF-a Mice
Because we demonstrated a role for JNK signaling in the functional transition of epithelial cells toward a mesenchymal phenotype in vitro, we next assessed the activation of JNK in lung tissue of SPC-TNF-a mice in which matrix remodeling was characterized. The amount and localization of JNK phosphorylation was immunohistochemically determined. Nuclear staining of pJNK (in blue) was quantitatively analyzed in alveolar and airway walls by two independent observers. As shown in Figure 6 , the percentage of epithelial cells positively stained for pJNK was increased significantly in both alveolar cells (13-fold) and airway epithelial cells (21-fold).
Phosphorylation of JNK Was Increased in Patients with COPD
To investigate if JNK was also activated in patients with COPD, lung tissue in which matrix remodeling was previously studied (refer to Ref.
3) was stained for phosphorylation of JNK. In Figure 7 , it was demonstrated in patients with COPD that pJNK was readily apparent in bronchioles of patients with COPD in areas of fibrotic remodeling compared with control tissues (arrows).
Discussion
In this study, it was shown, both in vivo in SPC-TNF-a mice as well as in vitro using TNF-a-stimulated alveolar cell and BEC lines and primary bronchial cells, that expression of phenotypic markers of mesenchymal cells was elevated, and those of epithelial cells attenuated. JNK signaling was shown to be involved in the phenotypic change induced by TNF-a in alveolar cells and BECs, and the percentage of pJNK-positive cells was increased in SPC-TNF-a mice in which extracellular matrix alterations were characterized (3).
In previously published research, we showed that the lungs of SPC-TNF-a mice display comparable extracellular matrix remodeling to patients with COPD (3). In the current study, it was shown that expression of the mesenchymal markers, PAI-1, FSP1, and collagen III, was increased in the lungs of these mice, and could underlie the reported changes in matrix composition. Because epithelial markers, E-cadherin and cytokeratin 7, were decreased, it is suggested that epithelial cells lost some of their Figure 4 . c-Jun N-terminal kinase (JNK) inhibition prevented a phenotypic shift in response to TNF-a. JNK inhibition was performed using preincubation for 30 minutes with the pharmacological inhibitor SP600125 (10 mM) before each stimulation. After preincubation, cells were stimulated twice, with a 24-hour interval, for 48 hours with 10 ng/ml TNF-a. mRNA expression of epithelial-to-mesenchymal transition markers E-cadherin (A), keratin 18 (B), PAI-1 (C), and vimentin (D) was measured using qPCR. Quantification of protein expression of E-cadherin (E) and vimentin (F) in A549 cells and BEAS2B cells analyzed by Western blotting. Data are shown as mean (6SD). *P , 0.05 compared with control, **P , 0.05 comparing with and without inhibitor. mRNA expression of epithelial markers E-cadherin and keratin 18 (G), and mesenchymal marker vimentin (H), in primary bronchial epithelial cells (pBECs) of one representative donor after stimulation with 10 ng/ml TNF-a with or without preincubation for 30 minutes with SP600125 (1 mM). Data from one representative donor are shown.
the combination of TNF-a and TGFb, IL-1b, or a cytomix (19) (20) (21) . Here, we show that a phenotypic shift can occur in alveolar cells and BECs through TNF-a only. To investigate if the reported alterations in vivo are due to epithelial plasticity, studies in transgenic mice with labeled epithelial cells would be interesting. However, providing proof for the occurrence of a transition from an epithelial to a mesenchymal cell in vivo remains difficult, as lineage tracing in transgenic mouse models provides controversial evidence (22) . In addition to the gain of the classical mesenchymal markers, TNF-a increased the release of collagen into the medium and expression of MMP2 and MMP9. The increased release of collagen into the medium due to TNF-a stimulation could underlie the increased collagen content in both alveolar and small airway walls of SPC-TNF-a mice, as well as in patients with COPD, as we recently published (3, 4) . Evidence for the involvement of epithelial cells in fibrotic processes is also demonstrated by other work, which shows limitation of bleomycin-induced fibrosis in epithelial-specific collagen I knockout mice (5) . Furthermore, because MMP2 and MMP9 expression increased after TNF-a stimulation of epithelial cells, and because MMPs were recently associated with the breakdown of elastin in SPC-TNF-a mice and patients with COPD, TNF-a could possibly contribute to the reported degradation of elastin (3, 23) . This is supported by evidence of research that shows that suppression of tropoelastin in TNF-a stimulated fibroblasts directly, and breakdown of elastin through increased release of elastolytic enzymes (9) . In addition, a role for TNF-a in tissue remodeling is evident from a study demonstrating protection of TNF-a receptor knockout mice to cigarette smoke-induced connective tissue breakdown (10) . TNF-a-neutralizing drugs are used in the treatment of some inflammatory diseases, including rheumatoid arthritis. We have performed a small-scale study on the effects of infliximab in patients with cachexia and COPD, which showed no effects on local inflammation and very minor effects on systemic inflammation (24) . In addition, other studies indicated no effect of infliximab on the systemic inflammatory profile in COPD, nor was clinical efficacy proven (25, 26) . Research into signaling targets more downstream of TNF-a, such as the one described here, is therefore very relevant.
We have shown that hypoxia signaling is involved in the induction of a phenotypic shift of epithelial cells by cigarette smoke extract, especially with respect to the mesenchymal transition (8) . In the current study, in the context of TNF-a-induced EMT, no role for hypoxia signaling could be demonstrated. It is known that, in patients with COPD who quit smoking, inflammation and remodeling are ongoing. It is therefore likely that, not cigarette smoking per se, but inflammatory mediators, such as TNF-a, are responsible for the ongoing remodeling in vivo.
Evidence shows a role for JNK in TGF-b1-induced EMT in lung epithelial -SP600125 +SP600125 C Figure 5 . JNK inhibition prevented collagen production and matrix metalloproteinase (MMP) expression in response to TNF-a. JNK inhibition was performed using preincubation for 30 minutes with the pharmacological inhibitor SP600125 (10 mM). Thereafter, cells were stimulated twice, with a 24-hour interval, for 48 hours with 10 ng/ml TNF-a. (A) The production of collagen was measured in the medium using the sircoll assay. mRNA expression of MMP2 (B) and MMP9 (C) was measured using qPCR. Data are shown as mean (6SD). *P , 0.05 compared with control, **P , 0.05 between conditions. cells, as the effects of TGF-b on EMT markers were blunted using JNK knockout cells [13] . Furthermore, TNF-a was able to induce JNK signaling (11) , and JNK was involved in TNF-a-induced MMP12 expression in A549 cells (12) . In addition, activation of JNK by stress stimuli and cytokines can phosphorylate transcription factors, including c-Jun, and promote activator protein (AP-1)-mediated transcription. AP-1 activation, which consists of dimerization of Fos and Jun, has been shown in EMT processes, most notably by TGF-b, and was found to regulate the transcription of, for instance, E-cadherin and vimentin (27) . Furthermore, it was reported that overexpression of JNK induced cell migration and invasion, and a morphologic change associated with EMT via enhanced AP-1 transcription factors in human breast cancer cells (28) . Here, we show that the inhibition of JNK by the pharmacological inhibitor, SP600125, completely prevented the decreased expression of epithelial markers. In addition, the increase in mesenchymal markers was significantly, but not completely, attenuated by JNK inhibition, which implies that other mechanisms are also relevant in prompting the TNF-a-induced phenotypic shift. For instance, NF-kB has been shown to be involved in the induction of EMT of A549 cells costimulated with TGF-b and TNF-a (20) . Moreover, in breast cancer cells, TNF-a up-regulated Twist-related protein via NF-kB signaling (29) .
In SPC-TNF-a mice, phosphorylation of JNK was found to be increased in both alveolar and airway walls. Because inhibition of JNK signaling in vitro blunted the TNF-a-induced collagen production and MMP expression, this indicates that the increased amounts of collagen and decreased elastin content in SPC-TNF-a mice could be due to JNK activation. In addition, in the current study, it is shown that patients with COPD display increased numbers of positive cells for phosphorylated JNK in epithelial cells. Because TNF-a is found to be increased in sputum of patients with stable COPD, this could be associated with the increased activation of JNK in these patients (30) . The data from SPC-TNF-a mice in this study are in line with a study showing that mice lacking JNK1 are protected against TGF-b-induced pulmonary fibrosis and fibrotic gene expression (31, 32) . This is also supported by another study showing that JNK knockout mice were found to have an increased pulmonary elastin content compared with wild-type mice, and showed increased elastogenesis, but had impaired alveolar septation during lung development (33) . In addition, the JNK inhibitor, SP600125, partly prevented bleomycin-induced hydroxyproline and a smooth muscle actin levels in the lung tissue of rats, and thalidomide, an immunomodulatory drug able to suppress the generation of TNF-a, prevented the induction of JNK phosphorylation and hydroxyproline and a smooth muscle actin levels even more (34) . Furthermore, neutrophil elastase-instilled mice showed emphysema and lung epithelial cell apoptosis, which was JNK and protein kinase C signaling dependent (35) .
In conclusion, in this study, it was shown that expression of mesenchymal markers was elevated and epithelial markers were attenuated in vivo in SPC-TNF-a mice and in vitro in alveolar cells and BECs treated with TNF-a. Involvement of JNK signaling in this process was found in vitro, and activation of JNK signaling was furthermore shown in SPC-TNF-a mice. Together, these data show a role for TNF-a in the induction of a phenotypic shift in vitro, and provide evidence for involvement of the TNFa-JNK axis in extracellular matrix remodeling. n Author disclosures are available with the text of this article at www.atsjournals.org.
